Introduction
Adenosine triphosphate (ATP) is a well known as a major energy substance in all living systems. Its functions as a regulator of muscle contraction, 1 platelet aggregation, 1 vascular tone, 2 and neurotransmission 3, 4 which have been the focuses of extensive research in several fields over the past decades. 5, 6 The industrial importance of ATP has also received attention. ATP has been employed as a marker in a survey of micro-fungal contamination in the food industry as well as in other industries that require hygiene control. 7, 8 Furthermore, it has recently been suggested that ATP may be released transiently from cells and tissues in response to chemical and physical stresses. [9] [10] [11] [12] Due to the important roles of ATP, there is great demand for an in situ ATP assay. Luciferin-luciferase bioluminescence detection is the most popular and highly sensitive assay method of ATP; 8 this method is easily applied, and is popular in hygienic applications in the food industry. 7 However, although it is a good ex situ method, it is not readily applicable as an in situ assay. Since the ATP levels in biological systems fluctuate in response to changes in the surrounding atmosphere, in situ analysis is an indispensable tool for surveying biologically related ATP levels. 13 Electrochemical methods, including amperometric sensors, are intrinsically suitable for constructing an in situ assay, since the electrochemical reaction occurs exclusively at the interface between the sample molecule and the electric device. This type of heterogeneous reaction tool is appropriate for an in situ assay system.
However, ATP cannot be measured electrochemically. 14, 15 A contrived molecular system is probably required to derive of an in situ assay for ATP monitoring. In these respects, the enzyme apyrase (ATP dihydrolyrase: E.C. 3.6.1.5.) is particularly useful, since it has strict molecular selectivity for ATP, and catalyzes the dephosphorylation of ATP. Its catalytic reaction can be formulated as follows:
The two-step reaction, which involves Eqs. (1) and (2), is catalyzed consecutively at pH 8.0. It is noteworthy that the reaction mentioned above produces protons when the solution pH is <8.0, as formulated above. The diffusion of the cation onto the gate insulator surface of an ion selective field effect transistor (ISFET) may cause a change in the source-gate voltage (Vgs). The anion/cation may act as a diffusion charge in the ion selective insulator of the ISFET. In the present study, an apyrase enzyme-containing thin membrane was prepared, and as mounted on the gate surface of the ISFET in order to perform in situ measurements of ATP.
Materials and Methods

Chemicals
Adenosine Adenosine triphosphate (ATP) not only functions as an energy-carrier substance and an informative molecule, but also acts as a marker substance in studies of both bio-traces and cellular/tissular viability. Due to the importance of the ATP function for living organisms, in situ assays of ATP are in demand in various fields, e.g., hygiene. In the present study, we developed an ATP sensor that combines the selective catalytic activity of enzyme and the properties of an ion selective field effect transistor (ISFET). In this system, the ATP hydrolyrase, "apyrase (EC 3.6.1.5.)" is encased in a gel and mounted on a Ta2O5 ISFET gate surface. When the enzyme layer selectively catalyzes the dephosphorylation of ATP, protons are accumulated at the gate because the enzymatic reaction produces H + as a byproduct. Based on the interfacial enzymatic reaction, the response from the ISFET is completely dependent upon the ATP concentration in the bulk solution. This device is readily applicable to practical in situ ATP measurement, e.g. hygienic usage. 
Preparation of apyrase mounted-ISFET devices (AM-ISFET)
ISFET devices (BAS, Tokyo, Japan) with Ta2O5 gates 16 were used in all of the experiments.
An enzyme-entrapped polyaclylamide soft gel (PASG) was mounted on the Ta2O5 gate part. An acrylamide polymer solution was made by mixing 10% acrylamide, 1% ammonium persulfate and 2% TEMED. The apyrase was then mixed with the acrylamide polymer solution at a ratio of 1:2; the mixture was droped onto the ISFET gate part. After several minutes, the apyrase-containing PASG was polymerized, and the device was rinsed with the measurement buffer.
Electronic measurements
Measurement buffer solutions used Tris (pH 9.0), HEPES (pH 8.0), MOPS (pH 7.0 and 7.5), MES (pH 6.0 and 6.5), and acetate (pH 5.0). The experimental setup was fabricated as follows. The AM-ISFET was connected to a reference electrode (Ag/AgCl) in a measurement cell with 9.9 ml of 100 μM buffer solution (pH 8.0) that contained 0.5 mM CaCl2, and 10 mM KCl as a background electrolyte for the measurement. The AM-ISFET and the reference electrode were connected to an electrochemical analyzer (HZV-100, HOKUTODENKO, Tokyo, Japan), to form a source follower circuit, as shown in Fig. 1 . The source-drain voltage (Vds) was constant (5 V) and the source-ground resistance (Rs) was adjusted before measurements to set the drain-source current (Ids) at 100 μA. The Rs was typically 10 kΩ. This operating point was selected with regard to the signal-to-noise ratio. The sensor response was obtained as the change of Vgs (ΔVgs = RsΔIds), which represents the potential change of an enzyme membrane mounted ISFET. All experiments were performed 3 -5 times.
Results and Discussion
Evaluation of AM-ISFET response against change of ATP concentration
The output current profile of the AM-ISFET response was measured continuously following the application of a standard ATP solution at appropriate time intervals. As shown in Fig. 2 , the AM-ISFET response shows a quick rise 5 min after injection of the analyte. The response time of the biosensor decreased with an increase in the ATP concentration of the analyzed solution. This probably reflects ATP diffusion into the PASG membrane. Figure 3 shows the typical current-dose response of ATP, and shows that the lowest detectable concentration is 200 μM. The detection limit can be further improved by optimizing the ISFET circuit construction, and by employing an ISFET with better S/N ratios.
Apyrase hydrolyzes both ATP and ADP as substrates, and produces phosphate as an end product. 17 Figure 4 shows the AM-ISFET responses following the application of standard solution of ATP, ADP, and AMP at 0.2, 0.4, 0.8, 1.0 mM. The AM-ISFET response was increased by applying of ATP and ADP. Because the ATP and ADP were similarly hydrolyzed to extents by the apyrase/PASG layer, orthophosphate was produced on the surface of the gate. At pH 8.0, enzymatically produced phosphate was ionized, and generated protons, which may have produced a response in the AM-ISFET. It is noteworthy that the AM-ISFET response to ATP was twice as powerful as the response to ADP.
In the case of the present enzyme/ISFET interface, the enzyme layer catalyzes the reaction from ATP to AMP through a two-step reaction, as formulated in the Introduction section. As can be clearly seen in the reaction formula, ATP produces two orthophosphate molecules and two protons at pH 8.0. However, ADP only produces one orthophosphate and one proton in the enzymatical reaction. The proton is crucial for generating of a change in the ISFET gate voltage. The number of generated protons may change Ids of the ISFET. Therefore, a lager response was obtained from the apyrase/ISFET sensor when the ATP was applied, compared to the application of ADP. This sensor does not discriminate between ATP and ADP. However, discrimination between ATP and ADP are not important in order to perform bio-surveillance, because both ATP and ADP are molecular markers used to survey the existence of microorganisms. In contrast, AMP application causes decrease in the AM-ISFET response. It may respond to a negative charge of AMP because apyrase is not catalyzed the AMP. However, AMP response is small enough to perform ATP/ADP detection with a positive response from AM-ISFET. It is known that apyrase has a calcium ion binding site, which has a potential regulatory enzymatic function. 18, 19 Therefore, a calcium ion is necessary for the activation of apyrase. ATP hydrolysis of apyrase is inhibited by ethylenediaminetetraacetic acid (EDTA). Figure 5 shows the AM-ISFET responses in the presence of 0.5 mM EDTA in 0.1 mM HEPES buffer (pH 8.0). A weak AM-ISFET response was observed even in the presence of EDTA, which is consistent with a report of Cohn et al., who observed that apyrase retains partial catalytic activity in the absence of Ca 2+ . 17 
Effect of the measuring buffer
The ISFET-based biosensor is dependent upon the pH and the concentration of the measurement buffer.
20-22 Figure 6 shows the AM-ISFET response for a 1 mM ATP standard solution in 0.1, 1, 10, 100 mM of HEPES buffer. The maximal response was observed for the 0.1 mM buffer. Therefore, increasing the HEPES buffer concentration decreased the sensor responsiveness. This observation suggests that the low ionic strength of salt buffers facilitates changes in the local pH between the apyrase layer and the ISFET. In highly buffered solutions, the AM-ISFET response is probably suppressed, but is readily detectable. The proton is derived through the ionic equilibrium of orthophosphate, which is positively produced by the enzymatic reaction. In an actual measurement of biosurveillance, the ionic strength of the sample solution may influence the sensor response, but it does not affect the response of ATP.
The effects of the pH on the AM-ISFET responses are shown in Fig. 7 .
To stabilize the ionic strength, the buffer concentration was a constant 0.1 mM. Although the optimum pH for apyrase is 6.7, the AM-ISFET response was maximal in pH 8.0. This discrepancy may be related to the pKa of phosphate. Orthophosphate ions rapidly achieve a state of 47 ANALYTICAL SCIENCES JANUARY 2007, VOL. 23 equilibrium for the four phases of orthophosphate: H3PO4, H2PO4 -, HPO4 2-, and PO4 3-. According to the HendersonHasselbalch equation, the equilibrium tends towards H2PO4 -and the response decreases. Because most of the orthophosphate exists in the form of H2PO4 -at pH 6.0, the enzymatically produced proton is consumed during the equilibrium of orthophosphate. At pH 9.0, the AM-ISFET response also decreased, because the enzyme was denatured under alkaline conditions. The experimental results indicate that the detected proton is derived from orthophosphate (enzymatic product) with a dependence on the pH.
Conclusions
The present enzyme/ISFET sensor is based on the remarkable characteristic of orthophosphate equilibrium in solution. Although the functionality of this sensor device is very much dependent upon the pH level, this may be an advantage in hygiene-monitoring applications, since surveys of contamination are often performed with alkaline wiping solutions to remove any contaminating microorganisms. For the purpose of bio-surveillance, detection sensitivity limits from sub μM to μM will be required in the case of ATP. In the present AM-ISFET, it is a little worse in the sensitivity than both the HPLC method and luciferin-luciferase bioluminescent method. However, both the easiness and quickness of detection are second to none. Ionic products are produced by various enzymes. By paying attention to the equilibrium of ionic products in solution, enzyme-based ISFET sensor devices may be developed for practical purposes.
